Abstract. In this paper we report new experimental results on the shock to detonation transition characteristics of the melt-cast explosive RDX/TNT 60:40, and two PBX explosives, one containing RDX, and the other HMX, with HTPB as the binder in both cases. These experiments employed rightregular cylindrical steel projectiles impacting charges covered by either steel or aluminium barrier plates. Response curves were generated giving the threshold impact velocity for prompt shock initiation as a function of barrier thickness. The results of these experiments showed some general trends. Firstly, the melt-cast explosive was generally more shock sensitive than the PBX formulations. The PBX compositions showed similar shock sensitivities; despite the RDX based material having a higher percentage of nitramine (88%) compared to the HMX material (85%). All the response curves appeared to have at least one discontinuity. For the melt-cast explosive this appeared at thicker barriers than for the PBX formulations. The results of these experiments are discussed in terms of the mechanisms that may be responsible for the observed shape of these response curves.
INTRODUCTION
The effects of fragment impact on explosives have been investigated in some detail during recent years. At this laboratory we have investigated the effects of a variety of steel fragment sizes and shapes impacting explosive charges both bare and covered by materials of differing shock transmission properties, including aluminium and steel (1) (2) (3) (4) . As a result of these studies we have observed a number of mechanisms occurring depending on the explosive type, confinement, fragment velocity and geometry. These include the shock to detonation transition (SDT), deflagration to detonation transition (DDT) and unknown to detonation transition (XDT) (3) .
More recently, we have concentrated on determining the shock to detonation transition (SDT) characteristics of several explosive compositions in some detail. Data of this type are essential for the validation and verification of any model purporting to predict the response of explosives to fragment impact, and have immediate application in hazard assessments of any munition.
In this paper we report the results of a comprehensive study of both a melt-cast and two PBX explosives.
EXPERIMENTAL
In the experiments described in this paper three explosive formulations have been employed. One melt-cast and two PBX compositions.
RDX/TNT (60:40) was melt-cast into right regular cylindrical moulds 57mm in diameter and 100mm long.
One end of each charge was machined flat and perpendicular to the axis of the cylinder and was designated the target face. The average density was 1.690g/cm 3 . A PBX explosive consisting of 85% RDX and 15% HTPB binder was vacuum cast and machined to the same dimensions as the RDX/TNT charges. The average density was 1.560g/cm 3 . For comparison, a PBX consisting of 88% HMX and 12% HTPB binder was also, vacuum cast but this time into plastic tubes of 65mm internal diameter and 100mm length for convenience. The average density of this formulation was 1.692g/cm 3 . Flat-ended cylindrical steel projectiles were used in two diameters: 13.15mm and 20mm. The 20mm diameter projectiles were somewhat shorter so as to be of equal mass (27g) to the 13.15mm projectile.
The sub-calibre projectiles were housed in nylon sabots and fired from a 30mm HARDEN gun. The projectiles were propelled using a standard 30mm RARDEN percussion cartridge filled with a known quantity of NRN41 propellant. The precise quantity of propellant in the cartridge was varied from round to round to produce fragment velocities in the range 700-2000m/s.
The experiments were all back-lit by a bank of flash bulbs and filmed using a quarter-height Fastax camera. The camera was operated at ca. 30,000 pictures/s, and was used to observe the projectile before impact, and determine its velocity. The film record was also used to reveal the projectile orientation at the moment of impact, and to provide visual confirmation of the degree of reaction of the target store. Projectile velocities measured from the film record are estimated to be accurate to ±5%.
RESULTS
A large number of experiments have been carried out in order to obtain tight error bounds between the highest velocity non-detonations and the lowest velocity detonations. The results are summarised in Figs. 1-4, which show plots of projectile velocity against barrier thickness covering the explosive. Only the lowest velocity detonations are shown for clarity. It should be noted that the lowest velocity detonations have been used here because they are positive results that can be directly attributed to an SDT process. In contrast there can always be some doubt over the validity of a non-detonative event.
Note that in the experiments using the 13.15mm projectiles it was sometimes impossible to induce detonation even at the highest velocity attainable with our gun system. Some general observation can be made. Firstly, the projectile threshold velocity required to produce a detonation in the target generally increases as the barrier plate thickness increases for a given barrier plate thickness. Secondly, the projectile threshold velocity required to produce a detonation in the target decreases with increasing projectile diameter for flat faced projectiles; larger impact-area projectiles are more efficient at causing SDT in explosives.
The curve for RDX/TNT impacted with 13.15mm projectiles through steel barriers (Fig. 1) shows a distinct flattish region at barriers of 3-5mm thickness. In view of the high number of firings made against RDX/TNT, we have reasonable confidence that this curve feature is not due to experimental error, and represents a mechanistic effect. For RDX/TNT impacted with 20mm diameter projectiles through steel barriers (Fig. 3) , there is a flat region at barriers of 3-4mm thickness. Comparatively fewer firings were made using the 20mm projectiles, and it should be noted that the kinks in this curve are within experimental error.
The curve for RDX/HTPB impacted by 13.15mm projectiles through steel barriers (Fig. 1 ) displays a distinct increase in slope as the barrier thickness increases from 2 to 3mm. A further slight change appears as the barrier thickness increases from 5 to 6mm. By contrast, the RDX/HTPB targets impacted by 13.15mm projectiles through aluminium barriers result in a smoothly increasing threshold velocity curve (Fig. 2) . This suggests that the shock impedance match between the barrier material and the projectile, or between the barrier material and the target composition plays some part in governing the SDT threshold velocity.
The curve for RDX/HTPB impacted by 20mm projectiles through aluminium barriers (Fig. 4) shows a series of slope changes as the barrier thickness increases. Most notably, the curve is relatively flat for barriers thinner than 4mm. Other slope changes are evident at the 7mm and 12mm barrier thicknesses, although these are not so marked as for other compositions. It is difficult to see how such behaviour can be modelled by a simple critical energy criterion. The presence of one 'kink' to produce an S-shaped curve has previously been explained (2) as resulting from the elimination of the pseudo-ID shock by thicker barriers. The more complex behaviour seen here suggests an additional mechanistic change. This is most likely as a result of an intricate interaction between the chemistry and effective hot spots.
The curve for HMX/HTPB impacted by 13.15mm projectiles though steel barriers (Fig. 1) shows a shallower slope at barriers of 0-2mm thickness than for the thicker barriers. The curve for the same composition and projectile, but using aluminium barriers (Fig. 2) again shows a flattish response for barriers of 0-2mm thickness, followed by a smooth increase in threshold velocity as the barrier thickness increases. The curve for HMX/HTPB impacted by 20mm projectiles through steel barriers (Fig. 3) seems to display several slope changes. However comparatively few firings were made with this combination so that the GO/NOGO bounds are looser, and the size of these structures may appear exaggerated. The curve for the same composition attacked by 20mm projectiles through aluminium barriers (Fig. 4) shows several slope changes in a similar manner to that for RDX/HTPB under the same conditions. -Again, a flattish response for barriers of 0-3mm thickness is evident, followed by a slope change at the 7mm barrier thickness.
CONCLUSIONS
The RDX/TNT curve in Figure 2 shows the 'S' shape characteristic of heterogeneous explosives, with the inflection occurring at barrier thicknesses of 4 to 5mm. Although this study fired relatively few shots at this composition, there is reasonable confidence that the curve shape is due to some real phenomenon, and is not the result of experimental error. There are several possible explanations for the structure in the RDX/TNT curve (1, 2, 3) .
Both the RDX/HTPB and HMX/HTPB compositions display very similar shock sensitivity for 13.15mm diameter projectiles fired through both steel and aluminium barriers (Figures 2 and 3) , and show similar shock sensitivity for 20mm projectiles fired through aluminium barriers. No firings were made against RDX/HTPB using 20mm projectiles and steel barriers, and so no comparison can be made. However, the shots that were fired provide reasonably strong evidence that these compositions display similar shock sensitivity.
The steel barrier plate experiments with RDX/TNT and HMX/HTPB show that these compositions have similar shock sensitivities when attacked with a 20mm projectile (Figs. 2 and 4) . However the shots fired with 13.15mm projectiles show that the two compositions differ significantly in sensitivity; in this case HMX/HTPB is much less sensitive to shock. It is clear that the diameter of the projectile is an important factor in the assessment of the shock sensitivity of explosives using this type of test. In addition, changes to the projectile geometry can invalidate assumptions about the apparent sensitivity of different explosives. The curves for HMX/HTPB attacked with 20mm projectiles through both types of barrier show structure, although the precise structure differs depending on the barrier material chosen. This suggests that the structure is at least partially related to the shock impedance matching, either between the projectile and the barrier, or between the barrier and the explosive. RDX/HTPB was only tested using the 20mm projectile against aluminium barriers, so it is not yet possible to assess whether this effect is duplicated in the RDX-based composition.
The RDX/HTPB and HMX/HTPB threshold velocity curves are almost linear with barrier thickness when attacked with a 13.15mm projectile through aluminium barriers (Fig. 3) , although the HMX/HTPB curve shows a distinct 'flat' region for barriers thinner than 3mm. At barrier thicknesses greater than 3mm, both curves are almost coincident, and are free from structure. This is believed to be a result of critical diameter effects (4): the 13.15mm projectile is similar in diameter to the critical diameter of both HMX/HTPB and RDX/HTPB, so that 'hotspot' mechanisms play a less significant role in the initiation process in these materials.
